Abstract
Introduction
An ad hoc network is a transient network formed dynamically by a collection of arbitrarily located wireless nodes without the use of existing network infrastructure or centralized administration [1] . Ad hoc routing protocol has become a popular yet significant research topic in the realm. The primary objective of such protocol is the correct and efficient route establishment between a pair of nodes so that message can be delivered reliably and in a timely manner [1] . In this paper, we introduce two routing schemes, namely, the Adaptive-All and Adaptive-Select Routing Scheme for Orthogonal Frequency Division Multiplexing (OFDM) broadband ad hoc wireless network. We aimed to investigate the Physical Layer characteristic, i.e. the Channel Impulse Response (CIR) value of the wireless channel towards routing efficiency. The efficiency of the schemes is evaluated by using the Bit Error Rate (BER) and data throughput in transmission. These proposed routing schemes can be served as the component to any new ad hoc wireless routing protocol, or to be a "plug-in" to existing higher layer routing protocols, for formulating a cross-layer routing protocol design.
Background and related works
As the purpose of the research is to figure out an ad hoc wireless routing scheme, several well-known routing protocols as stated in [2] , [3] , [4] , [5] , [6] had been studied for comprehending the nature of such protocol. As stated in [2] , [3] , [4] , [5] , most of the protocols use minimum-hop-count as the metric in finding the best route. Such minimum hop-count routing algorithm may choose route that have significantly less capacity than the best path that exist in the network [7] . The fundamental property of wireless network, i.e. its time-varying channel quality has often been ignored in the design of routing protocol [7] , [8] , [9] , [10] , [11] , [12] .
Two adaptive-based routing protocol, namely Bandwidth-Guided Channel Adaptive (BGCA) Routing Protocol [9] , [10] and Receiver-Initiated Channel Adaptive (RICA) Routing Protocol [9] , [11] , [12] network were also reviewed. They both exhibit the flexibility of adjusting throughput, by employing different modulation order, based on Signal-to-Noise Ratio (SNR) value of the channel. Such feature of adaptive-modulation-for-routing in IEEE 802.11b network, combined with the adaptive modulation nature of OFDM system [13] has motivated us in formulating our proposed routing schemes based on adaptive modulation in OFDM-based network.
The proposed scheme
Two adaptive routing schemes, i.e. the Adaptive-All and Adaptive-Select Routing Scheme are proposed. In these schemes, modulation order in each OFDM subchannel is adapted based on its amplitude response, where a higher modulation order will be employed towards sub-channels with higher amplitude, i.e. more bits will be sent in such channels. Such adaptive modulation scheme demonstrates its potential in optimizing the BER and data throughput, by sending more data in low bit-error probabilities sub-channels, for each wireless link (hop). As such, an overall higher data throughput and lower BER can be achieved throughout the data-transmission route.
Adaptive-All Routing Scheme

Method
In this scheme, a threshold-based adaptive modulation is performed towards each OFDM subcarriers during data transmission. The term "All" in this "Adaptive-All" context attributes that all of the subcarriers are modulated and thus used in data transmission for achieving bandwidth efficiency. In this scheme, the known time-domain CIR is transformed to its corresponding frequency-domain channel transfer function (i.e. the amplitude response) [13] , by using Fast Fourier Transform (FFT). The amplitude response of each sub-carrier is used as the criterion for adaptive modulation. By referring to a predefined amplitude threshold table (as stated in Table  1 ), different modulation scheme i.e. the Binary PhaseShift Keying (BPSK), Quadrature Phase-Shift Keying (QPSK), 16-State Quadrature Amplitude Modulation (16-QAM) or 64-State Quadrature Amplitude Modulation (64-QAM) will be employed in each subchannel based on its amplitude response. A more higher-order modulation scheme will be employed in sub-channel with higher amplitude. Table 1 specifies the sub-channel's amplitude threshold, with the corresponding modulation scheme employed and number of bits sent in the scheme. The amplitude threshold value in the table is selected, as it shows a reasonable result in optimizing the error rate and data throughput in our simulation model (section 4.2). In fact, the amplitude threshold value can be further adjusted in catering for different requirement. Increasing the amplitude threshold implies lower modulation order will be applied more frequently, thereby it reduces the error rate, with a cost of losing data throughput due to less bits sent. On the contrary, decreasing the threshold value will boost the throughput, with the expense of a higher error rate owing to its higher modulation order. An example of the Adaptive-All modulation of a 64 sub-channels OFDM system is depicted in Figure 1 . Each sub-carrier is modulated by different modulation scheme and hence different number of bits sent, based on the amplitude threshold stated in Table 1 . Pseudocode for Adaptive-All Modulation
Adaptive-Select Routing Scheme
Method
Adaptive-Select Routing Scheme is an evolutional model of the Adaptive-All Routing Scheme, by which the adaptive mechanism is further extended to the scope that sub-channels with very low amplitude are excluded from data transmission. The term "Select" in this "Adaptive-Select" context denotes that only a selected set of sub-carriers is modulated, i.e. can be used for data transmission. The scheme is formulated with the aim to further improve the overall BER of Adaptive-All Scheme with the expense of a slight loss of system throughput.
As in Adaptive-All Scheme, adaptive modulation process is employed towards each sub-channel during data transmission. A higher modulation order will be employed towards sub-channels with higher amplitude. Furthermore, sub-channels with very "bad" amplitude will not be used for data transmission. We define a lowest amplitude threshold value of 0.5, by which any sub-channel with amplitude lower than this value will be excluded from data transmission. Similar with Adaptive-All Scheme, this lowest amplitude threshold value is used as a guideline only, and it can be adjusted. Table 2 shows the relevant amplitude threshold, its corresponding modulation scheme applied and number of bits sent in the Adaptive-Select Scheme. Amp >= 3 64-QAM 6 Figure 3 shows the Adaptive-Select modulation of a 64 sub-channels OFDM system. In the figure, subchannels 29 to 37 are not used for data transmission, due to their amplitude lower than 0.5. A sample of Adaptive-Select Modulation
Forced-Transmission
There may exist wireless links where amplitudes of all the sub-channels are lower than the lowest threshold, i.e. none of the sub-channels can be used for data transmission. Such condition is impractical, as no data can be sent through the link. In resolving the problem, a default BPSK-based transmission is enforced for data transmission in the link, where 1 bit is sent in every sub-channel. This kind of transmission, which is usually enforced on extremely faded wireless link, is denoted as "forced-transmission" in the scheme. Such forced-transmission idea is further extended, where any wireless link, which total bits able to be sent is less than the throughput of BPSK transmission, the BPSK-based transmission will be forcedly employed on the link. This feature ensures that the throughput of our scheme will always be equal or greater than the BPSK throughput; hence, the goal of optimizing the BER and throughput value is achieved.
To illustrate the forced-transmission scenario, Figure 4 depicts a 64 OFDM sub-channels wireless link with only 23 sub-channels amplitudes within the range of 0.5 to 0.8 (sub-channel 1 to 12, and 54 to 64). All the other sub-channels amplitudes are lower than 0.5. Based on the amplitude threshold value of AdaptiveSelect Scheme (as stated in Table 2 ), only 23 bits can be sent (with 1 bit in each of the 23 higher-amplitude sub-channels, by using BPSK). In this scenario (achieved throughput < BPSK throughput [64 bits]), forced-transmission will be employed, where BPSKbased modulation will be performed towards all the 64 sub-channels for data-transmission. As such, we achieve a throughput of 1*64 = 64 bits, which is equivalent to the BPSK throughput. 
Simulation and results
Simulation Model
We conducted an OFDM wireless network simulation in MATLAB [14] for evaluating the efficiency of the proposed Adaptive-All and AdaptiveSelect Routing Scheme. The model simulates an OFDM system with 64 sub-channels, where white Gaussian noises are added on all the sub-channels. A range of SNR value from 0dB to 20dB was simulated. The SUI-3 Channel Model [15] for fixed wireless application is used for modeling the CIR value of the wireless channel between any two nodes. Figure 6 shows a sample of three-taps CIR value in the SUI-3 channel.
In modeling the routing environment, we assumed a network topology of 4 possible routes from source to destination node, with each route consists of a fixed number of 3 hops. The topology is illustrated in Figure  7 . 
Performance Comparison and Results
We evaluated the performance of the proposed adaptive routing scheme, by performing comparison of the scheme with fixed BPSK, QPSK, 16-QAM and 64-QAM transmissions. A constant 20,000 bits of data are transmitted over all the 4 routes, by each of the modulation scheme, with the specified SNR range each time. The best route, i.e. the route with the least BER is determined. BER and number of OFDM symbols sent in the best route are recorded.
The transmission is performed for a total of 100 samples of the established topology, with different CIR values assigned in each sample. The mean value of two metrics as stated below are compared: (a) Bit Error Rate (BER): BER measures the ratio of Total Bits With Error / Total Bits Transmitted (b) Number of Data Blocks or OFDM Symbols: The metric measures the number of OFDM symbols required for sending a particular quantity of data from source to destination node. For example, to send 256 bits of data over 64 sub-channels OFDM system with QPSK (2 bits sent per sub-channel) for a route with three hops, OFDM symbols required = [3*(256/ (2*64)) = 6] OFDM symbols. A lower number of OFDM symbols required, denotes more data can be sent per unit of time i.e. higher throughput is obtained.
The observed mean BER and number of data blocks sent are shown in Figure 8 and Figure 9 below. As the objective of this research is to optimize data throughput with a low error rate, we focus on the comparison analysis of our proposed Adaptive-All and Adaptive Select Routing Scheme with the BPSK-based transmission, which tend to achieve a lower error rate due to its lower modulation order. From the graph, we observe that mean BER of Adaptive-All Scheme become lower than mean BER of fixed-BPSK transmission around SNR = 6.8, and it reduces the data blocks sent to a remarkable scale of [(939-574) / 939 = 39%] lower, compared with BPSK transmission. This reduction of data blocks or OFDM symbols denotes a higher data throughput achieved in Adaptive-All Scheme.
In addition, the Adaptive-Select Scheme succeeds in further reducing the BER incurred in Adaptive-All Scheme, with expense of a small increase of number of data blocks sent [(618-574) / 574 = 8%]. Comparing with the BPSK-based transmission, the Adaptive-Select Scheme outperforms BPSK transmission with a lower BER around SNR = 4.3, and shows a reduction of data blocks sent equals to [(939-618) / 939 = 34%].
Conclusions and future works
Through extensive simulation, we conclude that our proposed Adaptive-All and Adaptive Select Routing Scheme succeed in achieving a BER, which is similar to, or even lower in higher SNR range, compared with the fixed BPSK transmission. The data throughput gained is remarkably higher than the BPSK-based transmission. Furthermore, the Adaptive-Select Scheme demonstrates its ability in further reducing the BER of Adaptive-All Scheme, with the cost of a slight decrease in throughput. Both of the proposed schemes may contribute to formulate an effective yet efficient routing scheme in an ad hoc wireless environment where error rate is a critical factor owing to the fading channel.
Future work can be done in testing the schemes in a mobile ad hoc environment, where mobility of nodes will be incorporated instead of merely fixed wireless access. Channel model such as Rayleigh Fading Channel may be required in modeling such environment. Furthermore, the proposed Adaptive-All and Adaptive-Select Routing Schemes can be extended to form a complete new ad hoc wireless routing protocol, by adding in the route discovery and route maintenance mechanism; or the schemes can be incorporated into the underlying Physical Layer of some existing ad hoc routing wireless protocols, in formulating a cross-layer routing protocol design.
